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Abstract — Paramecium bursaria Chlorella virus-1 is an icosahedrally shaped, 
1,900-Å-diameter virus that infects unicellular eukaryotic green algae. A 5-
fold symmetric, 3D reconstruction using cryoelectron microscopy images 
has now shown that the quasiicosahedral virus has a unique vertex, with a 
pocket on the inside and a spike structure on the outside of the capsid. The 
pocket might contain enzymes for use in the initial stages of infection. The 
unique vertex consists of virally coded proteins, some of which have been 
identified. Comparison of shape, size, and location of the spike with similar 
features in bacteriophages T4 and P22 suggests that the spike might be a cell-
puncturing device. Similar asymmetric features may have been missed in pre-
vious analyses of many other viruses that had been assumed to be perfectly 
icosahedral.
Keywords — 5-fold averaging, cryoelectron microscopy reconstruction, Par-
amecium bursaria Chlorella virus-1, cell entry, specialized vertex protein
 
Paramecium bursaria Chlorella  virus-1  (PBCV-1) belongs  to  the 
genus  Chlorovirus  of  the  Phycodnaviridae  family.  Together 
with  iridoviruses,  asfarviruses,  and  mimivirus,  they  belong 
to a group of nucleocytoplasmic large DNA viruses that may 
have  evolved  from a  common ancestor,  predating  the diver-
gence of prokaryotes and eukaryotes (1–4). PBCV-1 infects the 
unicellular  eukaryotic  green  alga Chlorella NC64A by  attach-
ing rapidly and irreversibly to the algal cell wall (2, 5). Attach-
ment appears to occur at one of the vertices and might involve 
hair-like appendages (3). After digestion of the cell wall by vi-
rion-packaged enzymes  in  the vicinity of  the point of attach-
ment,  the  internal viral membrane  fuses with  the host mem-
brane. Viral DNA and some associated proteins then enter into 
the cell, leaving the empty capsid on the cell surface (3).
PBCV-1 has a multilayer structure, with an outer glycopro-
tein capsid that surrounds a lipid bilayer membrane and a ds-
DNA genome (4, 6). The 331-kbp PBCV-1 genome codes for 11 
tRNAs and ≈365 putative proteins (7), of which more than 100 
are present in the mature virion. Vp54, a glycoprotein and the 
major component of the capsid, represents about 40% by weight 
of the total protein content in the virus. The crystal structure of 
Vp54  showed  that  the  subunit  consists of  two 8-stranded,  an-
tiparallel β-barrel, “jelly-roll” domains. The monomeric Vp54 
forms a trimeric capsomer (a “major capsomer”), which has 
pseudo-6-fold symmetry, relating the jelly-roll structures (6).
Using cryoelectron microscopy (cryoEM) and assuming ico-
sahedral symmetry (4), it had been shown that the virion has a 
diameter varying from 1,650 Å, measured along the 2-fold and 
3-fold axes, and 1,900 Å, measured along the 5-fold axes. The 
PBCV-1 glycoprotein shell is composed of 20 triangular units, 
or “trisymmetrons,” and 12 pentagonal caps, or “pentasymm-
etrons,” at the 5-fold vertices (8). Each trisymmetron and pen-
tasymmetron  consists  of  a  pseudohexagonal  array  of  66  and 
30 trimeric capsomers, respectively. The triangulation number 
(9) (T) is 169d (h = 7, k = 8), where T represents the number of 
jelly rolls in the icosahedral asymmetric unit. The crystal struc-
ture of PBCV-1 Vp54 had been fitted into the 26-Å-resolution 
cryoEM density map (6, 10) to generate a pseudoatomic struc-
ture of the capsid. However, the 5 jelly rolls surrounding each 
pentameric vertex form a special capsomer in which, presum-
ably, the monomers contain only 1 jelly roll. Thus, as in the ad-
enovirus structure (11), the capsid protein at the virus vertices 
differs from the major capsid protein, Vp54.
Results and Discussion
PBCV-1 Has a Unique Vertex Topped by a Spike-like Structure. 
Unprocessed  cryoEM  images  of  PBCV-1  usually  indicate  that 
the virions have a dense external  capsid  surrounding a mem-
brane-like feature that, in turn, surrounds a nucleocapsid core. 
In some images, there is a gap between the enveloped nucleo-
capsid core and  the surrounding capsid at one of  the  icosahe-
dral  pentameric  vertices  (Figure  S1).  A  similar  gap  occurs  in 
mimivirus particles, which also have a unique pentameric ver-
tex (12). Previous reconstructions of PBCV-1 (4, 6) did not show 
a  unique  vertex,  because  of  the  icosahedral  averaging  pro-
cess. Hence, the cryoEM images of PBCV-1 have now been re-
analyzed  by  assuming  only  the  presence  of  5-fold  symmetry 
about  an  axis  passing  through  the  center  of  one  selected  ver-
tex  (see  Materials and Methods).  The  resulting  reconstruction 
clearly showed the capsid with the previously described trisym-
metrons and pentasymmetrons (Figure 1A) and the associated 
lipid membrane (Figure 1B). However, 1 of the 2 vertices on the 
enforced 5-fold axis had a 250-Å-long and 50-Å-wide cylindri-
cal spike (Figure 1C). This feature can be recognized in selected 
particles where the spike is in the plane of the micrograph (Fig-
ure S1) (3, 13). The possibility that PBCV-1 might have a special 
vertex had been predicted earlier in a paper that describes the 
unique vertex of the dsDNA bacteriophage PRD1 (14).
Recognition  of  the  unique  vertex  of  PBCV-1  had  been 
missed  for  many  years  on  account  of  assuming  icosahedral 
symmetry in structural analyses (4, 10). After the discovery of 
a unique vertex for herpes simplex virus (HSV) (15) and mimi-
virus (12, 16), to the best of our knowledge, PBCV-1 is the third 
icosahedral, eukaryotic virus that has been recognized to have 
a unique vertex. It would therefore be possible that many more 
icosahedral eukaryotic viruses may require unique vertices for 
the successful execution of their life cycle. However, the com-
plex structure of unique vertices as occurs in most tailed bacte-
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riophages, PRD1, HSV, mimivirus, and now also PBCV-1 will 
be limited to larger viruses that have enough coding capacity 
to include genes for the portal and other proteins that are re-
quired to create a unique vertex.
The  tails of bacteriophages are  special  assemblies  that are 
used for the highly efficient infection of their hosts (17). Fur-
thermore, bacteriophages provide enzymes for digesting bac-
terial  cell walls, mechanical means  for puncturing  cell mem-
branes,  and  a  tube  for  delivering  the DNA  genome  into  the 
host cytoplasm. In addition, the special vertex may be required 
for  genome  packaging  into  preformed  proheads,  as  in  HSV 
(15) or in most bacteriophages (18, 19). Yet another function of 
special vertices can be to nucleate prohead assembly in some 
bacteriophages (20). However, whereas tailed bacteriophages 
use a proteinaceous  tail  tube, PRD1 appears  to  form a mem-
branous tube that is about 650 Å long and 140 Å in diameter at 
the time of infection, probably for genome transfer (21, 22).
Some icosahedral viruses,  including tailed bacteriophages, 
HSV  (15,  23), mimivirus  (12,  16),  and  PRD1  (21,  24),  have  a 
specialized pentameric vertex that is associated with genomic 
packaging and/or cell entry. Even the small icosahedral polio-
virus has or develops a special pentameric vertex when deliv-
ering its genome to  its host  (25). Thus,  it  is seems reasonable 
to assume that the special vertex of PBCV-1 might also be as-
sociated with cell entry or  infection. The PBCV-1 spike is  too 
thin to be a tube, as is the case for most tailed bacteriophages 
and PRD1. However, the PBCV-1 spike has the same size and 
shape as the cell wall-puncturing device of phage T4 (26, 27) 
and  of  bacteriophage  P22  (28).  Thus,  the  spike  of  PBCV-1 
might have a function similar to that of the T4 cell-puncturing 
device. Although there is no significant sequence similarity of 
special  vertex  proteins  belonging  to  either  T4  or  PRD1 with 
any part of the PBCV-1 genome, that does not necessarily im-
ply that there is no structural or functional similarity, because 
in  general,  protein  tertiary  structure  changes  much  slower 
than the primary amino acid sequences. The PBCV-1 genome 
is known to enter  the host, probably subsequent  to  fusion of 
the viral membrane and host plasma membrane while leaving 
the empty capsid outside the cell (7). By comparison, the func-
tion of the PBCV-1 spike therefore may be to puncture the cell 
wall,  and  perhaps  the membrane,  to  initiate  the  fusion  pro-
cess. The density of the PBCV-1 cryoEM reconstruction shows 
a lower density linking the spike to the unique vertex, suggest-
ing that  the spike may be released during the  infectious pro-
cess, as is also the case for bacteriophage T4 (27).
The Unique Vertex Contains Special Capsomers. As mentioned 
above, the capsomers on 11 of the 12 vertices consist, presum-
ably, of 5 single jelly-roll monomers. However, the pentasym-
metron at  the unique vertex  (Figure 2A) has a different den-
sity distribution for the pentameric capsomer than those at the 
11 other vertices (Figure 2B). The pentameric capsomer at the 
unique vertex binds  the spike and  is  surrounded by 5 perip-
entonal  capsomers.  The  peripentonal  capsomers  (no.  1  cap-
somers in Figure 2A) have additional density on their surfaces 
compared with the major capsomers (Vp54 trimers; no. 7 and 
no. 8 capsomers in Figure 2A). The 5 peripentonal capsomers 
at the unique vertex are surrounded by 10 capsomers (no. 2 
and no. 3 capsomers in Figure 2A)  that are alternatively sim-
ilar  to  the major  capsomers and  the peripentonal  capsomers. 
These, in turn, are surrounded by 15 capsomers that form the 
edge of the pentasymmetron. Of these, 10 resemble the major 
capsomer  (no.  4  and no.  6  capsomers  in  Figure  2A),  and  the 
other 5 (no. 5 capsomers in Figure 2A) are different (Table S1).
Large insertions in jelly-roll structures occur invariably be-
tween the D and E and between the F and G β-strands in ei-
ther the first or second jelly-roll fold within the capsid pro-
teins of the nucleocytoplasmic large DNA viruses (Figure S2). 
Thus,  the  additional  density  in  the  peripentonal  capsomers 
might correspond to an insertion at one of these loops. BLAST 
analysis (29) of the 6 PBCV-1-encoded proteins with sequence 
similarity to Vp54 showed that only the gene product of ORF 
A622L  is  larger  than  Vp54  and  has  an  insertion  of  111  resi-
dues between β-strands D and E in the first jelly roll of the se-
quence. This number of amino acids occupies a predicted vol-
ume of ≈15,000 A3  (calculated by using  the peptide property 
calculator of A. Chazan, available at www.basic.northwestern.
edu/biotools/proteincalc.html), which agrees with the ≈15,500 
Å3 extra density of the peripentonal capsomers in comparison 
with Vp54.
The Virus Has a Partially Empty Pocket. Within  the  virion, 
near the pentameric capsomer at  the unique vertex,  is an ad-
ditional density (150 Å wide and 100 Å long) that is similar in 
size and location to the portal proteins in tailed phages, such 
as in phi29 (30), SPP1 (31), and P22 (Figure 3A)  (32, 33). The 
PBCV-1 portal-like protein is attached to the peripentonal cap-
somers and not to the special pentameric capsomer. The por-
tal protein  in bacteriophages  is  a dodecamer.  If  PBCV-1  also 
has a 12-fold symmetric portal, then the 5-fold averaging used 
in  the  cryoEM reconstruction would blur  the boundaries be-
tween  subunits. Although  the  role  of  the  PBCV-1  portal-like 
protein is unclear, in tailed phages the portal protein is proba-
bly involved in both DNA packaging and DNA ejection (7).
As reported previously  (4),  an  internal  lipid bilayer  enve-
lopes  the  PBCV-1  nucleocapsid.  In  previous  icosahedral  re-
Figure 1. The 5-fold-averaged cryoEM structure of PBCV-1 viewed down a quasi-2-fold axis. (A) Hexagonal arrays of major capsomers form trisymmetrons and 
pentasymmetrons (yellow). The unique vertex with its spike structure is at the top. Capsomers in neighboring trisymmetrons are related by a 60° rotation, giv-
ing rise to the boundary between trisymmetrons. (B) Central cross-section of the cryoEM density. (Scale bar: 500 Å.) (C) The same view as in B but colored ra-
dially, with red density being within 680 Å, yellow between 680 and 745 Å, green between 745 and 810 Å, light blue between 810 and 880 Å, and dark blue 
greater than 880 Å. Note the typical lipid low-density gap surrounding the red nucleocapsid density.
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constructions of PBCV-1, the lipid membrane follows the con-
tour of the capsid. However, the present 5-fold averaged map 
shows that the lipid membrane departs from icosahedral sym-
metry in the region near the unique vertex, creating a partially 
empty pocket between the 5 icosahedral faces surrounding the 
unique vertex and the membrane (Figure 1C). The pocket mea-
sures ≈325 Å along a radial direction at its widest point. The 
average  density  in  the  pocket  is  substantially  less  than  that 
within  the  nucleocapsid.  Cell  wall-degrading  enzymes  are 
thought  to be stored near  the unique vertices of  tailed bacte-
riophage (32–34). Thus, the pocket in PBCV-1 may function as 
a  reservoir  for enzymes and other proteins  that might be ex-
creted through the unique vertex to digest the cell wall of the 
chlorella cells in the initial stages of infection (3).
Apart  from  the  general  disordered  distribution  of  density 
within the pocket, a set of well-ordered features line the inside 
of the viral capsid within the pocket. These features are similar 
to a class of minor capsid proteins (“finger proteins”) observed 
in the T = 147 Chilo iridescent virus (CIV) (35). The PBCV-1 finger 
proteins have 2 distinct globular domains (Figure 3B): one is as-
Figure 2. Stereodiagrams of the pentasymmetrons at (A) the unique vertex and (B) the 5-fold axis opposite the unique vertex. Note the difference in the den-
sity distribution of the pentameric capsomer (red) inAand B. The top end of the narrow spike can also be seen inA. Although all of the major capsomers (Vp54 
trimers) surrounding the pentasymmetrons and in the pentasymmetron shown in B have very similar density distributions, this is not the case for the penta-
symmetron at the special vertex shown in A. The peripentonal capsomers around the unique vertex are shown in gold and have an extended amino acid inser-
tion. The 10 capsomers surrounding the peripentonal capsomers are colored blue and green. Whereas the green capsomers are similar to the peripentonal cap-
somers, the blue capsomers are similar to the major capsomers. The capsomers in the outer pentasymmetron ring are colored yellow, dark blue, and pink. The 
yellow and pink capsomers are similar in structure to the major capsid protein, whereas the dark blue capsomers have a slightly different density distribution.
Figure 3. View of features inside the PBCV-1 capsid. All panels are colored as in Figure 1C. (A) The portal within the capsid at the unique vertex. (B) View of the 
unique vertex from the inside of the virus. Note the finger proteins at a slightly smaller radius appear red. No finger proteins are associated with the pentasym-
metron at the unique vertex. (C) View of the vertex opposite the unique vertex. Note the lack of finger protein features and the low-density gap corresponding 
to the lipid bilayer membrane roughly in the yellow density.
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sociated with the center of an external capsomer, and the other 
is  associated  with  the  gap  between  3  neighboring  capsomers 
(Figure 4). However, in PBCV-1, unlike in CIV, the cryoEM data 
were only 5-fold-averaged, thereby making it possible to differ-
entiate between finger proteins associated with trisymmetrons 
around the unique vertex (Figure 3B) and the absence of finger 
proteins in the other trisymmetrons (Figure 3C). It may be that 
finger proteins prevent the lipid membrane from attaching to 
the  inside of  the viral capsid in the vicinity of  the unique ver-
tex,  thus  facilitating  the  formation  of  the pocket  that  contains 
the molecular “soup” necessary for infection.
The Fibered Capsomers Have a Unique Symmetry. A  previ-
ously published PBCV-1  cryoEM  reconstruction  (36)  showed 
that 1 capsomer per icosahedral asymmetric unit (3 per trisym-
metron) has a protruding fiber. However, the 5-fold-averaged 
reconstruction reported here shows that none of the 20 trisym-
metrons have all 3 symmetry-related fibers (Figure S3). Fur-
thermore, some trisymmetrons have an additional type of fi-
bered capsomer (Figure S4). These fibers might be involved in 
attaching and orienting the virus to the host during infection.
Conclusions
The major capsid proteins of PRD1, Sulfolobus  turreted  icosa-
hedral virus, and PBCV-1, infecting prokaryotes, archaea, and 
eukaryotes, have a “double jelly-roll” fold, suggesting that at 
least as far as their capsids are concerned, they may have had 
a common precursor (6, 37–40). Similarly, many or most tailed 
dsDNA bacteriophages (41, 42) and HSVs (43) use the “HK97” 
fold for the structure of their major capsid protein, suggesting 
a common ancestry for these viruses. Yet, it is shown here that 
there might be some structural and functional relationship be-
tween the cell-puncturing device of bacteriophage T4 and the 
spike structure of PBCV-1, which could indicate perhaps con-
vergent evolution for the development of a mechanical device 
for penetrating the external cell defenses for viruses that have 
quite different origins for their major capsid proteins.
The  results  also  demonstrate  that  global  enforcement  of 
icosahedral symmetry in viruses can obscure vital information 
about  the  structural  properties  of  virions.  Indeed,  transient 
slight deviation from icosahedral symmetry may be as impor-
tant to the viral  life cycle (23, 44) as precise  icosahedral sym-
metry  is  for  viral  assembly.  Larger  viruses,  such  as  PBCV-1, 
PRD1, HSV, mimivirus,  or  T4,  have  the  capacity  to  code  for 
special  proteins  associated  with  a  special  vertex,  as  is  wit-
nessed  by  the  presence  of  genes  that  are  homologues  of  the 
major  capsid protein  and might  be  required  for  spike  or  tail 
formation. However, smaller viruses that do not have special-
ized genes might also have special vertices (25) that are associ-
ated with the ends of the genome that are stored for exit when 
infection is initiated. Nevertheless, the presence of unique fea-
tures required for cell entry might not be necessary for all vi-
ruses. Whereas some viruses, such as PBCV-1 and tailed bacte-
riophages, remain outside the cell on infection, inserting only 
their genome through the cell wall or plasma membrane, other 
viruses merely become unstable within  the acid pH of endo-
somes. Thus,  it  is  likely  that many or  even most virus  struc-
tures  reported  to  date might  be  reexamined  to  establish  the 
presence of special nonsymmetric features, such as special ver-
tices and attachment fibers.
Materials and Methods
PBCV-1 samples were prepared for cryoEM as described previously (4). Mi-
crographs of frozen-hydrated samples were recorded on Kodak SO-163 film 
in CM200 and CM300 FEG transmission electron microscopes (Philips). Mi-
crographs were digitized at 7-μm intervals, and the resulting data were inter-
polated to yield pixels corresponding to 8.0 Å at the specimen. The program 
RobEM (45) was used to select 5,149 particles from 228 micrographs and 
to determine their defocus levels by fitting the contrast-transfer functions 
to the Fourier transforms averaged incoherently over all particle images for 
each micrograph. The 3D reconstruction was computed by using images that 
had only been corrected for phase reversals. A similar procedure for produc-
ing a 5-fold average density map, described previously (44), was developed by 
integrating functions with the SPIDER program (46) and a modified version 
of XMIPP (47). The first stage of the procedure assumed icosahedral sym-
metry to determine the center position and relative orientation of each re-
Figure 4. Diagrammatic organization of capsomers as seen from inside the virus viewed toward the unique vertex. Within each quasihexagonal capsomer, there 
are 3 Vp54 monomers, each represented by a dot (blue within one trisymmetron, light blue within the neighboring trisymmetron, and red within the pentasym-
metron). Some of the capsomers are associated with minor capsid finger proteins, shown in orange in one trisymmetron and a lighter orange in the neighbor-
ing trisymmetron.
an iCosahedral algal v irus has a Complex unique vertex deCorated by a sp ike   11089
corded particle. The second stage of the procedure assumed only 5-fold sym-
metry by selecting a unique orientation from the 12 icosahedrally related 
orientations with respect to an increasingly more asymmetric model as re-
finement proceeded. The test for selecting the unique orientation from the 
12 possible orientations was based on comparing only the density in the vi-
cinity of the unique vertex with each particle projection. Various limits were 
tried for defining the size and shape of the mask that defined the volume 
around the unique vertex. After 10 cycles, the choice of orientation of each 
boxed image had mostly converged. The final resolution of the cryoEM re-
construction was 22-Å resolution, determined as the point at which the Fou-
rier shell correlation coefficient between 2 half-datasets fell below 0.5.
Figures were created by using the program CHIMERA (48).
Supplementary Material
Supporting Information for this article (Figures S1–S4 and Table 
S1) follows the References.
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Figure S1. CryoEM micrograph of a PBCV-1 particle showing a pocket near the 5-fold vertex marked with a black asterisk (*). (Scale bar = 500 Å.)
Suppl.2  Cherrier et al. in Proc. Natl . ac ad. Sc i . USa  106 (2009) 
Figure S2. Diagrammatic representation of the first (green) and second (red) jelly-roll structures within the major capsid proteins of viruses PBCV-1, PRD1, 
adenovirus, and CIV. The β-strands along the polypeptides are labeled B through I. Amino acid numbers are given at the beginning and end of the β-strands. Note 
that larger insertions are restricted to the loops between D and E as well as F and G.
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Figure S3. Diagrammatic representation of the 4 layers of trisymmetrons within the virus viewed in a direction perpendicular to the unique 5-fold axis. The re-
maining trisymmetrons would be generated by a further 4 successive rotations about the common 5-fold axis. One type 1 fibered capsomer (Figure S4A) occurs 
in all trisymmetrons in a position that is consistent with icosahedral symmetry. However, the symmetron at level d has 2 symmetry-related, type 1 fibered cap-
somers. The type 2 fibered particles (Figure S4B) occur only in the level b trisymmetrons.
Suppl.4  Cherrier et al. in Proc. Natl . ac ad. Sc i . USa  106 (2009) 
Figure S4. Stereodiagrams of fibered capsomer cryoEM densities. (A) Type 1 fibered capsomers present in quasiicosahedrally related positions at least once in 
each trisymmetron. (B) Type 2 fibered capsomer present only in level b trisymmetrons (see Figure S3). Contrary to type 1 fibered capsomers, these capsomers 
have density on their central 3-fold axes.
Table S1. Correlation between the cryoEM densities of the capsomers surrounding the unique vertex 
Five no. 1 (peripentonal) capsomers surround the pentameric capsomer at the vertex. These are surrounded by 5 no. 2 
and 5 no. 3 type capsomers. Of these no. 2 is most similar to the major Vp54 trimeric capsomers represented here by 
no. 7 and no. 8 (yellow), whereas capsomer no. 3 is similar to the peripentonal capsomer no. 1 (red). The outside cap-
somers of the pentasymmetron is composed of capsomers no. 4, 5 and 6. Of these capsomers no. 4 and no. 6 correlate 
with the major capsomer. Capsomer no. 5 looks like a mixture of the peripentonal capsomer no. 1 and the major cap-
somers no. 7 and no. 8 found in the trisymmetrons. These correlations correspond to the visual inspection of the cap-
somers shown in Fig 2A. 
